The state-of-the-art graphite anode containing a small portion of silicon represents a promising way of applying high-capacity alloy anode in the next generation high energy density lithium-ion batteries. The conductive polymeric binders developed for Si anodes prove to be an effective binder for this graphite/nanoSi composite electrode. Without any acetylene black conductive additives in the conductive polymer/graphite/nanoSi electrode, a high areal capacity of above 2.5 mAh/cm 2 is achieved during long-term cycling over 100 cycles. This conductive polymer-enabled graphite/nanoSi composite electrode exhibits high specific capacity and high 1 st cycle efficiency, which is a significant progress toward commercial application of Si anodes.
Introduction
As human civilization advances, global energy consumption steadily increases. This necessitates a green method to effectively store energy, such as using fuel cells, flows batteries, and lithium-ion batteries (LIBs). [1] State-of-the-art LIBs use graphite as anode, with a theoretical gravimetric specific capacity of about 370 mAh/g. Alternative alloy anodes, such as silicon or tin, pose as possible successors to graphite. Si has a gravimetric specific capacity over 10 times higher than graphite (4200 mAh/g), but a 300% volume expansion during lithiation prevents it from becoming commercially viable. The high volume changes during lithiation and delithiation cycles cause excessive electrolyte decomposition, leading to capacity decay. Another effect of the volume change is the difficulty to assemble electrodes with higher material loading for a stable cell performance. An area capacity of higher than 2.5 mAh/cm 2 is necessary and highly desirable towards a practical application of these high capacity alloy anodes in a commercial cell.
Typically a high content of polymer binder and conductive additives are needed to enable a stable cycling of Si anode. [2] However, this unacceptably decreases the energy density due to the excessive non-active materials used to maintain a good cell performance. An electronic conductive polymeric binder developed for Si anodes achieved very stable cycling of Si anode with good active material loading. [3] Since no conductive additives are used, a high content of active material content is achieved. A conductive polymer binder compatible with both graphite and nanoSi anodes are used to assemble a graphite/nanoSi composite electrode in this work. This conductive polymer-enabled composite electrode presents a promising opportunity for the practical application of high capacity alloy anodes for the next generation lithium ion batteries. 
Results and Discussion
A pyrene-based homopolymer poly(1-pyrenemethyl methacrylate) (PPy, Figure 1a ) is synthesized and used as the conductive polymer binder for the graphite/nanoSi composite electrode. The graphite materials are composed of micron-size particles shown in Figure 1b . The micron-size particle with small surface area is the origin of its high Coulombic efficiency during cell cycling, which induces minimum electrolyte decomposition on the anode surface. A typical nanoSi material is used to reduce the volume changes on the particle level and avoid particle cracking upon lithiation. The average particles size of the nanoSi is around 50-70 nm, with a high surface area of ~50 m 2 /g. [7] The nanoSi with high surface area needs significant electrolyte decomposition to form SEI and passivate the surface, the resulting low 1 st cycle coulombic efficiency hinders a practical application of the high capacity nanoSi anodes. Even with a very small particle size, Figure 1d still indicates crystalline silicon phase in this nanoSi particles.
Overcoming the low initial efficiency is an intensive topic in recent literature. [8] The whole problem of stable cycling of Si anode is the 300% volume changes due to its high specific capacity (4200 mAh/g). However, compared to the state-of-the-art graphite anode (372 mAh/g), even an anode with an intermediate specific capacity at 700-1000 mAh/g could significantly enhance the energy density in the full cell configuration. Thus, in this work we mix graphite and nanoSi with PPy binder during slurry preparation process, only 20 wt% Si is used in the electrode assembly, which will only leads to 30% to 50% volume changes in the electrode level; on the 5 other hand, the 70 wt% graphite particles serve as a buffer to accommodate the volume changes on the particle level, while maintaining a good electronic conduction channel throughout the whole electrode laminate. Previous work proves that the conductive PPy binder enables a very stable cycling of nanoSi material, this is the same case for the graphite anode.
[4] Figure 2d shows the cell performance based on 10 wt% PPy and 90 wt% graphite at a C/10 rate. Almost full specific is achieved for this graphite anode material (around 310 mAh/g for CGP-G8, ConocoPhillips), which is stable for several hundreds of cycles. Note that the initial decrease of specific capacity value in the initial 30 cycles is proposed due to electrolyte wetting, which recovers to a value of above 300 mAh/g after 6 50 cycles.
Targeting at a practical application in commercial cell, a relatively high loading electrode is assembled and tested. This specific cell shown in Figure 2a The key electrochemical parameters of the cell performance using 10 wt% PPy binders with different anode materials. It shows that PPy conductive polymer is compatible with the conventional graphite anode, with a high 1 st cycle efficiency of 87.12%. The efficiency value is enhanced to 99.83% after 100 cycles at a C/10 rate. A previous work established that PPy is a very good polymer binder for a long-term stable cycling of nanoSi anode, with a typical 1 st cycle 7 efficiency of less than 70%. This low 1 st cycle efficiency is typical for a nano-material electrode, which is due to the excessive side reaction and solid electrolyte interphase (SEI) formation from the high surface area. The low efficiency value at 1 st cycle will consume excessive lithium in a full cell configuration, which is a major hurdle for the application of nanoSi anode. The compatibility of the PPy conductive polymer binder with both graphite and nanoSi is the basis for a graphite/nanoSi mixture electrode composition. As shown in the 3 rd column in Table 1, mixing 20 wt% Si and 70% into the electrode formulation maintains a specific capacity value twice as high as the graphite anode even at 100 th cycle, while enabling a 1 st cycle efficiency as high as 82.59%.
Simply mixing graphite with a small portion of nanoSi enhances the specific capacity while not sacrificing 1 st cycle efficiency, together with a high areal capacity of above 2.5 mAh/cm 2 , this approach represents a good way of using high capacity alloy anode in a the commercial application.
[9] The morphology of the pristine and cycled PPy/graphite/nanoSi electrode is shown in Figure   8 3. Although there is only 20 wt% nanoSi in the electrode, the tap density for this nanoSi is quite small and the actual volume of added nanoSi is significant compared to the micro-size graphite anode material with high tap density. Thus, in the top-view SEM image of the pristine electrode in Figure 3a , a large portion of the material in the image is nanoSi. An expanded view on the nanoSi part in Figure 3b indicates good distribution of the nanoSi particles in the electrode with decent porosity. The electrolyte used in this work involves FEC additives, which results in a typical cycled electrode morphology shown in Figure 3c and 3d.
Conclusions
The state-of-the-art graphite anode containing a small portion of silicon represents a promising way of applying high-capacity alloy anode in the next generation high energy density lithium-ion batteries. Without any acetylene black conductive additives in the conductive polymer/graphite/nanoSi electrode, a high areal capacity of above 2.5 mAh/cm 2 is achieved during long-term cycling over 100 cycles. This conductive polymer-enabled graphite/nanoSi composite electrode exhibits high specific capacity and high 1 st cycle efficiency, which is a significant progress toward commercial application of Si anodes.
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